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Abstract 

We report mechanism-based evidence for the anticancer and chemopreventive efficacy of [6]-gingerol, the major active 
principle of the medicinal plant, Ginger {Zingiber officinale), in colon cancer cells. The compound was evaluated in two 
human colon cancer cell lines for its cytotoxic effect and the most sensitive cell line, SW-480, was selected for the 
mechanistic evaluation of its anticancer and chemopreventive efficacy. The non-toxic nature of [6]-gingerol was confirmed 
by viability assays on rapidly dividing normal mouse colon cells. [6]-gingerol inhibited cell proliferation and induced 
apoptosis as evidenced by externalization of phosphatidyl serine in SW-480, while the normal colon cells were unaffected. 
Sensitivity to [6]-gingerol in SW-480 cells was associated with activation of caspases 8, 9, 3 &7 and cleavage of PARP, which 
attests induction of apoptotic cell death. Mechanistically, [6]-gingerol down-regulated Phorbol Myristate Acetate (PMA) 
induced phosphorylation of ERKl/2 and JNK MAP kinases and activation of AP-1 transcription factor, but had only little 
effects on phosphorylation of p38 MAP kinase and activation of NF-kappa B. Additionally, it complemented the inhibitors of 
either ERKl/2 or JNK MAP kinase in bringing down the PMA-induced cell proliferation in SW-480 cells. We report the 
inhibition of ERK1/2/JNK/AP-1 pathway as a possible mechanism behind the anticancer as well as chemopreventive efficacy 
of [6]-gingerol against colon cancer. 
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Introduction 

Colon cancer is the third most diagnosed type of cancer and the 
third leading cause of cancer-related mortality in United States. 
Globally, it is the fourth most common cause of mortality due to 
cancer. The variations in dietary pattern and increased consump- 
tions of red and processed meat contribute to this increase in 
incidence of colon cancer [1,2]. Surgical procedures and chemo- 
therapy constitutes the major therapeutic regimens for colon 
cancer [3] . The increase in drug resistance impedes the treatment 
of colon cancer and the problems associated with metastasis 
increases its severity. Search is on for novel therapeutic agents that 
targets molecular signaling pathways in colon cancer in order to 
arrest its growth and metastasis. 

Ginger (Zingiber officinale) has long been used in traditional 
medicine and is called as "Maha-aushadhi" in Ayurveda, meaning 
"the great medicine" [4] . The rhizome from ginger contains many 
pungent phenolic compounds like [6] -gingerol, [6]-shagol, [6]- 
paradol and zingerone [5] .These compounds have been studied 
for their anti-bacterial, anti-oxidant, anti-inflammatory and anti- 



tumor properties [6,7]. Many studies have proved the anti-cancer 
properties of these phenolics against cancers of various origins. 
The rhizome of ginger is an ingredient of daily diets in many 
countries and is an active ingredient in many traditional systems of 
herbal medicines, like Oriental medicine and Ayurveda, for 
managing many ailments including indigestion and other gastro- 
intestinal disorders. This traditional knowledge triggers a partic- 
ular interest in characterizing the chemo-preventive and anti- 
cancerous nature of these phenolics against gastric cancers like 
colorectal cancer or pancreatic cancers. 

Among these phenolic compounds, [6]-gingerol (l-[4'-hydroxy- 
3'-methoxyphenyl]-5-hydroxy-3-decanone) has been studied for 
its cytotoxic effects in various cancer cell Knes, including colorectal 
cancer. [6] -gingerol was shown to induce cell death in cervical 
cancer cell line, HeLa, by caspase-3 dependent apoptosis and 
autophagy [8]. It could inhibit the metastasis of MDA-MB-231 
breast cancer cells and induce apoptosis in LNCaP prostate cancer 
cells [9,10]. Administration of [6] -gingerol inhibited the growth of 
several types of murine tumors such as melanomas, renal cell 
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carcinomas and colon carcinomas by enhancing the infiltrations of 
tumor-infiltrating lymphocytes CD4 and CDS T-cells and B220^ 
B-cells [I I]. [6]-gingerol was also shown to inhibit the progression 
of phorbol ester-induced skin tumor in ICR mice [12]. Only 
limited numbers of studies have been published on the anti-cancer 
properties of [6]-gingerol and its mechanism of action against 
colon cancer [13,14,15]. 

In this study the cytotoxic effects of [6]-gingerol on SW-480 
colon cancer cells were compared with its effects on rapidly 
dividing normal intestinal epithelial cells from mouse. The study 
also performed an in vitro mechanistic evaluation on the 
inhibitory effects of [6]-gingerol on phorbol 12-myristate 13- 
acetate (PMA) induced anti-apoptotic signals in SW-480 cells. 

Materials and Methods 

2.1. Materials 

Dulbecco's modified Eagle's medium (DMEM) was obtained 
from Life Technologies (Grand Island, NY, USA); Fetal bovine 
serum (FBS) from PAN Biotech (GmbH, Aidenbach, Germany); 
Hank's Balanced Salt Solution (HBSS), Epidermal Growth Factor 
(EGF) and Insulin, Transferrin, Selenium, Sodium Pyruvate 
solution (ITS-A) from Invitrogen; Antibodies against phospho- 
p38, phospho-ERKl/2, phospho-JNK, beta-actin and caspases 
were purchased from Cell Signaling (Be\erly, MA, USA) and 
antibodies against poly ADP ribose polymerase (PARP) was from 
Santa Cruz Biotechnology' (Santa Cruz, CA). [6]-gingerol was 
purchased from Biomol (Hamburg, Germany). The MAP kinase 
inhibitors U0126, SP600125, SB203580 and NF-kappaB inhibitor 
SN50 were procured from Calbiochem (San Diego, CA). AH other 
chemicals, including Phorbol 1 2-myristate 1 3-acetate (PMA) were 
purchased from Sigma Chemicals (St. Louis, MO, USA). 

2.2. Cell culture 

Human colon cancer cell lines, SW-480 and HCT116 were 
obtained from National Centre for Cell Sciences (NCCS), Pune, 
India. Cells were cultured in Dulbecco's Modified Eagle's Medium 
(DMEM) supplemented with 10% Fetal Bovine Serum (FBS) along 
with 100 U/ml penicillin, 50 microgram/ml streptomycin and 
1 microgram/ml of amphotericin B. The cell lines were 
maintained at 37°C in a humidified atmosphere of 5% C02 
and were sub-cultured twice weekly. 

Normal intestinal epithelial cells (lECs) were isolated from 
mouse colon as per established protocol [16,17], with appropriate 
modifications, as approved by the Institutional Animal Ethical 
Committee, Rajiv Gandhi Centre for Biotechnology as per rules of 
the Commillee for the Purpose of Control and Supervision of 
Experiments on Animals, Ministry of Environment and Forest, 
Government of India (Sanction No: IAEC/151/RUBY/2012). 
Briefly, mouse {Swiss albino, 1 weeks old, lAEC sanction No: 
IAEC/151/RUBY/2012) colon was dissected out and cleaned 
asepticaUy with 1 x Hank's Balanced Salt Solution (HBSS) to 
remove fecal matter. The intestine was longitudinally opened and 
cut into 1 cm pieces and were incubated in presence of type 1 
coUagenase (200 U/ml) for 30 min with vigorous shaking. The 
dislodged epithelial cells were isolated by centrifuging the 
supernatant. These cells were cultured in high glucose DMEM 
with 10% FBS and 2x antibiotics, containing 10 ng/ml epidermal 
growth factor (EGF) and 5 |J.g/ml Insulin-Transferrin-Selenium- 
Sodium Pyruvate (ITS-A) (Invitrogen, USA). This cell line was 
maintained at 37°C in a humidified atmosphere of 5% COj and 
was sub-cultured once in a month. 



2.3. Drug treatment 

[6]-gingerol stock (20 mg/ml) was prepared in ethanol and the 
working concentrations were prepared by diluting this stock in 
dimethyl sufoxide (DMSO). For MTT assay, 5x10^ ceUs/well of 
human colon cancer cells and 10* cells/well of mouse lECs were 
seeded in 96-well plates. Cells were treated with [6]-gingerol for 
48 h,72 h or 96 h before performing MTT assay and for 16 h 
before Annexin-V staining. PMA (5 mg/ml) was prepared in 
DMSO and stored at — 2()"C. In all combination treatments [6]- 
gingerol was added 2 h before treating with PMA. In cell viability 
assay /Western blot for combination treatments with MAP kinase 
inhibitors (2.5 micromolar U0126, 5 micromolar SP600125, 
I'micromolar SB203580) or NF-kappaB inhibitor (18 micromolar 
SN50), cells were first treated with the inhibitor for 1 h and 
subsequently pre-treated with [6]-gingerol for 2 h, followed by 
exposure to PMA for 48 h before performing MTT assay. For 
Electrophoretic Mobility Shift Assay (EMSA), 10*^ ceUs of SW-480 
were seeded in 60 mm plates and cells were pretreated with [6]- 
gingerol for 2 h and then with PMA for 30 min. 

2.4. Cell viability assay 

Cytotoxic effects of [6]-gingerol was determined by MTT assay 
as described earUer [18] and the relative cell viabiUty percentage is 
expressed as [A570 of treated wells/ A570 of untreated wells xlOO]. 

2.5. Annexin V-Propidium Iodine staining 

The membrane flip-flop induced by 16 h treatment with [6]- 
gingerol was analyzed by staining the cells with fluorescein 
isothiocyanate-conjugated Annexin V/PI (Santa Cruz Biotech- 
nology) according to the manufacturer's instructions and the 
apoptotic cells were photographed under fluorescent microscope 
[19]. The total number of cells in the microscopic field was 
counted under a phase contrast microscope and the number of 
fluores[:ent cells in the same field was counted under a fluorescent 
microscope. The fraction of fluorescent cells to total number of 
cells is represented as percentage of apoptotic cells. This was 
repeated in several fields of the same well and the average was 
taken for plotting. 

2.6. Immunoblotting 

The total protein isolated from cells following treatments, with 
or without PMA/[6]-gingerol, were subjected to Western blotting 
as described previously [20]. In short, 60 microgram of whole cell 
lysate was separated on a 10-15'% polyacrylamide gel. blotted on 
to a PVDF membrane, probed with corresponding antibody and 
detected using ECL (Millipore, Billerica, MA, USA). 

2.7. Electrophoretic Mobility Shift Assay (EMSA) 

EMSA was performed to evaluate DNA-binding acti\'it}' of NF- 
kappa B or AP-1 transcription factors in ceUs treated with PMA and/ 
or [6]-gingerol, as described earlier [21]. In brief, 10 microgram of 
nuclear proteins, isolated from cells following drug treatments, were 
incubated for 30 min with ' P-end-lalx-kxi double-stranded 45-mer 
oUgonucleotide for NF kappaB (5'TTGTTACAAGGGACTT- 
TCCGCTGGGGACTTTCCAGGGAGGCGTGG-3'; at 37°C) 
or 21-mer oligonucleotide for AP-1 (5'-CGCTTGATGACT- 
CAGCCGGAA-3';at 30°C) and die DNA protein complex was 
resolved on 6.6% non-denaturing polyacrylamide gel, which was 
dried and visualized on Phosphor Imager (Personal Molecular 
Imager FX; Bio-Rad Laboratories, Hercules, CA, USA). 
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2.8. Statistical Analysis 

All the experiments were performed at least in triplicates (n = 3). 
The error bars represent ± standard deviation (S.D) of the 
experiments. The statistical analysis was carried out using 
Student's t-test and the symbols *, ** and *** represents P-values, 
p<0.05, p<0.005, and p<0.001 respectively. 

Results 

3.1. [6]-gingerol induces dose dependent cytotoxicity in 
colon cancer cells while normal intestinal epithelial cells 

are unaffected 

[6]-gingerol was screened for its cytotoxic effects on SW-480 
and HCT 1 1 6 cells at various concentrations ranging from 
5 micromolar to 300 micromolar, for 72 h, using MTT assay. 
Dose-dependent changes in cellular morphology were clearly 
evident under phase contrast microscope (Fig. lA). The results 
shows [6]-gingerol to be cytotoxic towards both SW-480 and 
HCT 1 1 6 cells in a dose-dependent manner, with prominent 
cytotoxicity at higher concentrations producing an ICso value of 
205 ±5 micromolar and 283 ±7 micromolar, respectively (Fig. IB 
and Fig. lC).The effect was more prominent in case of SW-480 
than HCTl 16 and thus the former was used in all further studies. 
On the contrary, the results from MTT assay with mouse normal 
lECs revealed only 10-15% cytotoxicity even at twice the ICso 
concentration of [6]-gingerol against SW-480. The cellular mor- 
phology and cell number was seen largely unaffected even at 
500 micromolar of [6]-gingerol (Fig. 2A). Studying the time- 
dependent effect of [6]-gingerol at the effective concentrations 
revealed an increase in cytotoxicity of SW-480 cells over time from 
48 h to 96 h, although the cell viability of mouse normal lECs 
remained unchanged (Fig. 2B).These results suggest the specificity 
of [6]-gingerol in inducing cytotoxicity in cancerous cells without 
being toxic to normal cells even at higher concentrations. 

3.2. [6]-gingerol induces apoptosis in colon cancer cells, 
but not in normal intestinal epithelial cells 

In order to assess whether the induction of cytotoxicity by [6]- 
gingerol is mediated by apoptosis, the membrane flip-flop and 
externalization of phosphotedylserine were monitored in [6]- 
gingerol treated SW-480 cells by performing Annexin-V/PI 
staining. The results from Annexin-V/PI staining confirmed the 
early events of apoptotis in [6]-gingerol treated SW-480 cells, as 
evident from the dose-dependent increase in the fluorescent cells 
(Fig. 3A).The results from similar study performed on mouse lECs 
showed only negligible number of fluorescent cells, even at 
500 micromolar of [6]-gingerol treatment. 1 00 micromolar 5- 
Fluro Uracil (5-FU) served as positive control for Annexin V 
staining on normal lECs (Fig. 3B). 

We also analyzed the cell extracts from SW-480 cells treated 
with [6]-gingerol for the activation of caspases-8, 9, 3, 7 and 
cleavage of PARP using immunoblotting experiments. Caspases 
are a family of cysteine proteases which are activated during the 
apoptotic program. We observed a significant cleavage of pro- 
caspase 8 to its active fragments (p43/41) and procaspase-9 to its 
active fragments (p35/37) (Fig. 4A and 4B). The activation of the 
effector caspases 3 and 7 were also induced by [6]-gingerol in a 
dose-dependent manner, clea\ing procaspase-3 to its active 
fragments (pl7/19) and enhancing the cleavage of procaspase-7 
to its active fragment (p20) (Fig. 4C and 4D). Finally, we examined 
cleavage of the DNA repairing protein, PARP, which is a substrate 
of caspase-3.Upon treating the cells with 200 and 300 micromolar 
of [6]-gingerol, the 116-kDa form of PARP was cleaved to the 



89 kDa fragment (Fig. 4E), confirming a caspase mediated 
apoptosis. Since 200 micromolar of [6]-gingerol was efiiciendy 
activating caspases leading to PARP cleavage and apoptosis, this 
concentration was used in further signaling studies. 

3.3. [6]-gingerol inhibits PMA-induced activation of the 

MAP kinases in SW-480 cells 

PMA is a well- known tumor promoter that activates almost all 
protein kinase C (PKC) isozymes, which are prominent upstream 
regulators of mitogen-activated protein (MAP) kinase pathway 
[22,23] .The kinetics of phosphorylation of Ras/Raf/ extracellular 
signal-regulated kinase (ERKl/2), c-jun NH 2 -terminal kinase 
(JNK) and p38 MAP kinase in SW-480 cells in response to 
treatment with 50 ng/ ml (80 nM) PMA for different time intervals 
were studied. Western blot analysis revealed a time dependant 
phosphorylation of ERKl/2, JNK and p38.In all three cases, 
phosphorylation was evident at 5 min from PMA treatment and it 
peaked at 30 min and then receded by 120 min (Fig. 5A). The 
effect of [6]-gingerol on the PMA-induced transient phosphory- 
lation of MAP kinases was studied on 30 min PMA-treated SW- 
480 cells, pretreated with 200 micromolar [6]-gingerol for 2 h. 
Interestingly, [6] - gingerol pretreatment abolished the PMA- 
induced transient phosphorylation of ERKl/2 and JNK almost 
completely, but only partially abolished the phosphorylation of 
p38 MAP kinase in SW-480 cells (Fig. 5B). 

3.4. [6]-gingerol inhibits the transcriptional binding 
activity of PMA-induced AP-1, but not NF-kappaB, in SW- 
480 

PMA is a well known activator of the transcription factors AP- 1 
and NF-kappaB in different cancer cells [24,25,26,27]. To 
determine the transcriptional binding activity of AP-1 in SW- 
480, induced in response to PMA, nuclear extract from the cells 
treated with 50 ng/ microlitre PMA for 1 h was used for EMSA. A 
clear dose dependent acti\'ation of AP- 1 was observed in SW-480 
cells upon PMA treatment (Fig. 5C; Lane 5).A dose-dependent 
down-regulation of this PMA-induced AP-1 binding was observed 
upon 2 h pre-treatment with [6]-gingerol (Fig. 5C; Lane 6-8). [6]- 
gingerol pretreatment did not show a drastic eflect on the 
transcriptional binding property of NF-kappaB, even though there 
was a significant inhibition of its DNA binding at 300 micromolar 
[6] -gingerol (Fig. 5D; Lane 6-8). 

3.5. [6]-gingerol inhibits the PMA-induced cell 
proliferation in SW-480 through inhibition of ERKl/2 and 
JNK MAP kinase pathways 

In order to further understand the mechanistic details behind 
the inhibitory effects of [6] -gingerol on PMA-activated signal 
pathways in SW-480, the viability and proliferation of SW-480 
cells were monitored by MTT assay after treating them with 
various combinations of PMA, [6] -gingerol and inhibitors of MAP 
kinases or NF-kappaB. Primarily, PMA treatment enhanced the 
proliferation of SW-480 cells significantly. But, [6] -gingerol pre- 
treatment of the cells brought down the PMA-induce proliferation 
drastically. However, viability of SW-480 cells after [6] -gingerol 
treatment were comparatively higher in presence of PMA 
(Fig. 6A). 

Next, we performed the same experiments on SW-480 cells pre- 
treated with inhibitors of members of MAP kinase family and NF- 
kappaB. U0126 was used as a specific inhibitor of ERKl/2 
pathway, SP600125 as an inhibitor of JNK activation and 
SB203580 as the inhibitor of p38 MAP kinase pathway.SN50 
was used as an inhibitor of NF-kappaB transcription factor. None 
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Figure 1 . Cytotoxic effects of [6]-gingerol on SW-480 colon cancer cells. (A) Phase contrast microscopy images of morphological changes in 
SW-480 cells when treated with indicated concentrations of [6]-gingerol for 72 h. (B) Relative cell viability of SW-480 cells after [6]-gingerol treatment, 
determined by IVITT assay and expressed as percentage of the untreated control. 5000 cells/well of SW-480 cells were treated with the indicated 
concentration of [6]-gingerol for 72 h prior to MTT assay.(C) Relative cell viability of HCT-116 cells after [6]-gingerol treatment. The results are 
represented as mean of triplicate experiments ± standard deviation (SD). 
doi:1 0.1 371/journal.pone.01 04401 .gOOl 
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Figure 2. Comparison of cytotoxic effects of [6]-gingeroi on SW-480 colon cancer cells witli mouse normal intestinal epithelial cells 
(lECs). (A) Phase contrast microscopy images of lECs treated with indicated concentrations of [6]-gingerol for 72 h. (B) Time dependent cytotoxic 
effects of [6]-gingerol on SW-480 and lECs at 48, 72 and 96 h. 5000 cells/well of SW-480 and 1 0,000 cells/well of lECs were treated for 48 to 96 h with 
indicated doses of [6]-gingerol prior to MTT assay. The results are represented as mean ± SD from triplicate experiments. 
doi:l 0.1 371/journal.pone.01 04401 .g002 



of the above inhibitors had any cytotoxic efTect on SW-480 cells at 
the tested concentration (Fig. 6A). But, pre-treatment with U0126 
and SP600125 significantly reduced the PMA-induced prolifera- 
tion of SW-480 cells to the same extend, even though to a lesser 
extend compared to [6]-gingerol pre-treatment (Fig. 6A). These 
results prove the essential role of ERKl/2 andJNK MAP kinases 
pathways in inducing proliferation of SW-480 cells in presence of 
PMA. Pre-treatment with SB203580 and SN50 had little efiect on 



PMA-induced proliferation of SW-480 cells (Fig. 6A), proving the 
lack of involvement of p38 MAP kinase pathway and NF-kappaB 
transcription factor in this process. 

Finally, [6]-gingerol treatment was performed on SW-480 cells 
pre-treated with each of the above inhibitors prior to induction 
with PMA. Surprisingly, in each case the cell viability was reduced 
to a level similar to that of pre-treatment with only [6] -gingerol 
prior to PMA treatment. This result suggests that, in presence of 
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Figure 3. Effects of [6]-gingerol on induction of apoptosis in SW-480 cells and lECs. (A, upper panel) SW-480 cells were treated with 
indicated concentrations of [6]-gingerol for 16 h and stained for Annexin V/propidium iodide (PI) positivity. Green-fluorescence indicates Annexin V 
binding to the damaged cell membrane during early apoptosis and the red fluorescence indicates PI binding to the exposed DNA during late 
apoptosis. (A, lower panel) Graphical representation of the percentage of Annexin V/PI positive SW-480 cells in relation to [6]-gingerol concentration. 
(B, upper panel) lECs were treated with up to 500 iiM of [6]-gingerol for 16 h before performing Annexin V-PI staining. Treatment with 100 |iM 5-FU 
was used as positive control for apoptosis induction. (B, lower panel) Representative histogram of the percentage of Annexin/PI positive lECs 
following [6]-gingerol/5-FU treatment. The results are represented as mean from triplicate experiments ± SD. 
doi:1 0.1 371 /journal.pone.01 04401 .g003 



U0126, [6]-gingerol complements this ERKl/2 inhibitor by 
abrogating the activation of JNK MAP kinase and, in presence 
of SP600125 it inhibits the ERKl/2 activation, thus reducing cell 
viability to the same level in both these cases. In presence of 



SB203580 and SN50 inhibitors [6]-gingerol exerts its inhibitory 
effects on both ERKl/2 and JNK MAP kinase pathways, thus 
brings down the cell viability to the same level as above. These 
results attest the equal contribution of both ERK 1 / 2 and JNK 



PLOS ONE I www.plosone.org 



6 



August 2014 | Volume 9 | Issue 8 | e104401 



Anticancer and Chemopreventive Potential of [6]-Gingerol 



[6]-gingerol (i^M) 




" Full length Caspase 8 (57 kDa) 
Cleaved Caspase 8 (43/41 kDa) 



Fold (Caspase 8) 

Fold (Cleaved Caspase 8) 



Full length Caspase 9 (49 kDa) 



Cleaved Caspase 9 (39/37 kDa) 



Fold (Caspase 9) 

Fold (Cleaved Caspase 9) 

Full length Caspase 3 (35 kDa) 



Cleaved Caspase 3 (19/17 kDa) 

Fold (Caspase 3) 

Fold (Cleaved Caspase 3) 

^ Full length Caspase 7 (35 kDa) 
Cleaved Caspase 7 (20 kDa) 

Fold (Caspase 7) 

Fold (Cleaved Caspase 7) 



p-actin 




Intact PARP (116 kDa) 



Cleaved PARR (89 kDa) 

Fold (PARP) 

Fold (Cleaved PARP) 

p-actln 



Figure 4. Effects of [6]-gingerol on activation of caspases and PARP cleavage in SW-480 cells. SW-480 cells (10 cells/well) were treated 
with the indicated concentrations of [6]-gingerol for 48 h and the whole cell extracts were Western blotted on to PVDF membrane. The activation of 
caspases and PARP cleavage were detected by probing the blotted membrane with antibodies against Caspase-3, 7, 8, 9 and against PARP. The blots 
were developed using Enhanced Chemiluminescence (ECL). The relative fold differences of bands with control treatments were quantified from 
volume analysis of the bands using Biorad- Quantity One software, p-actin served as the loading control in each case. 
doi:1 0.1 371/journal.pone.01 04401 .g004 
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Figure 5. Effect of [6]-gingerol on PMA-induced phosphorylation of IVIAP Icinases and activation of AP-1 and NF-l<appaB in SW-480 
ceils. (A) Overnight grown SW-480 cells were treated with 50 ng/ml of PMA for different time intervals (0-120 min) and the whole cell lysate was 
immunoblotted onto PVDF membrane, probed using antibodies against phospho-ERK1/2, phospho-JNK and phospho-p38, developed by ECL The 
kinetics of PIVlA-induced phosphorylation of these MAP kinases were followed from this blot (B) SW-480 cells were pre-treated with 200 (iM [6]- 
gingerol before treating with 50 ng/ml of PMA for 30 min and the whole cell lysates were immunoblotted, probed and detected as above. The 
relative fold difference of bands with control treatments are indicated below each lane, p-actin served as the loading control in each case. (C) SW-480 
cells, pre-treated with indicated concentrations of [6]-gingerol for 2 h, were treated with PMA (50 ng/ml) for 30 min. The nuclear extracts from each 
treatment were analysed for the activation of AP-1 or (D) NF-kappaB, by performing the transcriptional binding assay on isotope labelled AP-1/NF- 
kappaB specific DNA binding probe and analysing it on electrophoretic mobility shift assay (EMSA). The arrowhead in each case indicates complexes 
between AP-1 /NF-kappaB and DNA probe. 
doi:1 0.1 371/journal.pone.0104401 .g005 



MAP kinase pathways in [6]-gingerol mediated inhibition of 
PMA-induced cell proliferation of SW-480. Since there is no 
additive or synergistic inhibitory effects on proliferation of PMA- 
treated SW-480 cells resulting from pre-treatment with the 
combination of [6]-gingerol with U0126 or SP600125, compared 
to pre-treatment with [6]-gingerol alone, ERKl/2 and JNK MAP 
kinase pathway seems to be the key signaling pathways affected by 
[6]-gingerol during inhibition of PMA-induced cell proliferation in 
SW-480. 

In order to test whether the inhibitory effects on the PMA- 
induced cell proliferation of SW-480 cells by [6]-gingerol and 
U0126 or SP600125 were apoptosis mediated, we monitored the 
activation of caspase 3 from each of these treatments by Western 
blotting. We observed cleavage of procaspase 3 in all the 
treatments involving [6] -gingerol, U0126 or SP600125 and in 
combination of [6] -gingerol and these inhibitors (Fig. 6B and 6C). 
It was also interesting to note that no additional degradation of the 
caspase 3 mother band was produced when the inhibitors and the 
gingerol were used together. This attests that down-regulation of 
ERK1/2/JNK/AP-1 pathway induced by PMA, is responsible for 
the inhibitory effects of [6] -gingerol on PMA-induced cell 
proliferation in SW-480. 



Discussion 

Anti-cancer and anti-inflammatory properties of [6] -gingerol 
has been recognized since long and many studies have reported 
different molecular mechanisms behind these properties. The 
inhibitory effects of [6] -gingerol against cancers of various origins 
were reported previously. [6] -gingerol has been shown to be 
particularly effective against skin carcinoma and in inhibiting of 
angiogenesis in endothelial cells [28,29]. Ginger being a dietary 
supplement and a major ingredient in many traditional medicines, 
it is logical to study the effects of [6] -gingerol on cancer of gastro- 
intestinal tract such as colon cancer. Moreover, the pharmacoki- 
netic studies on the active components of ginger from orally 
administered ginger extracts in human beings detected a 
significant levels of [6] -gingerol, either in free or conjugated form, 
in plasma and colon tissues [30,31]. Another study on bioavail- 
ability of [6] -gingerol in rats suggested that when orally 
administered it is detected at concentrations of 4.3 Hg/ml in 
plasma at ten minutes post-administration. The same study also 
determined its high distribution in tissues with highest concentra- 
tion in tissues of gastrointestinal tract. The tissue to plasma ratio of 
[6] -gingerol was reported to be >1 and was attributed to its 
lipophUicity [32]. All thes(; facts support a study on anti-cancer 
effects of [6] -gingerol on colon cancer. 
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Figure 6. Effects of [6]-gingerol on PMA-induced cell proliferation in SW-480 in presence of inliibitors of MAP kinases and NF- 
kappaB. (A) Overnight grown SW-480 cells were pre-treated with inhibitors (U0126, SP600125, SB203580 for ERK1/2, JNK and p38 IVIAP kinases, 
respectively or SN50 for NF-kappaB) for 1 h and then treated with [6]-gingerol for 2 h, followed by exposure to PMA for 48 h, before performing cell 
viability assay using MTT. The relative viability of SW-480 cells in each treatment represented as percentage of untreated control. The values 
presented are mean of triplicate experiments ± SD. Total lysates from cells treated with combination of [6]-gingerol with (B) U0126 and (C) SP600125 
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inhibitors and from appropriate control treatments were Western blotted and probed with anti-caspase-3 antibody and the blots were developed 
using ECL. Beta-actin served as the loading control. 
doi:1 0.1 371/journal.pone.01 04401 .g006 



The first decade of 21*' century had an increased number of 
studies on characterizing the mechanisms behind the anti-cancer 
effects of phytochemicals. Studies on the mechanistic evaluation 
of anti-cancer properties of [6]-gingerol against different kinds of 
cancers provided valuable insights into its multiple mechanisms of 
action in bringing about cytotoxic or pro-apoptotic effects in 
cancer cells. Some recent reports on the anti-cancer activities of 
[6]-gingerol against colon cancer presented different mechanisms 
for its action on different colon cancer cell lines [13,14,15,33]. 
The present study on SW-480 cell line demonstrates the in vitro 
cytotoxicity of [6]-gingerol with an ICso value of 205 micromo- 
lar. The previous study on in vilro cytotoxic effects of [6] -gingerol 
on SW-480 cell line reported only 17% cell death at this 
concentration [13] .These differences in the magnitude of elFects 
might be due to the variations in the method used in studying 
cytotoxicity. It is also noteworthy that the same study reported 
only 13% cytotoxicity in LoVo cells when treated with 
200 micromolar of [6] -gingerol for 72 h, which was later 
reported in a different study as 75% at 50 micromolar in the 
same cell line after 48 h treatment [15]. The dose-dependent 
increase in apoptotic cells (Annexin-V/PI positive cells) in SW- 
480 cells upon treatment with [6] -gingerol, upto 25-folds at 
300 |i,M concentration, proved that the cytotoxicity was induced 
mainly by apoptosis. Previous studies reported both cell cycle 
arrest and apoptosis as the mechanism of action of [6] -gingerol 
[13,34]. Two-fold increase in apoptosis was reported at similar 
conditions in SW-480 by [13], but they also demonstrated 
significant G2/M arrest in cell cycle in response to [6] -gingerol 
treatment. Many previous reports suggested that [6] -gingerol 
induces apoptosis only at or near 300 micromolar in cancer cells 
[13,34,35,36] and below this concentration it induces cytotoxicity 
mainly by other mechanisms. However, we observed fluorescent 
cells in SW-480 treated with even 100 micromolar [6] -gingerol, 
clearly suggesting early apoptosis events even at lower concen- 
trations. Furthermore, the dose-dependent activation of caspases- 
8,9, 3 and 7 in our study further confirmed apoptosis as the major 
mechanism of cell death in SW-480 cells treated with [6]- 
gingerol. Activation of caspase-9 by [6] -gingerol confirms the 
involvement of mitochondrial pathway in [6] -gingerol-mediated 
apoptotis. However, the cleavage of caspase-8 induced by [6]- 
gingerol may not essentially suggest the involvement of receptor- 
mediated pathway, as mitochondrial pathway could also lead to 
cleavage of caspase-8 through cleavage of BH3 interacting- 
domain death agonist (BID) [37]. Induction of apoptosis in SW- 
480, a p53-mutant colon cancer cell line, by [6] -gingerol is 
particularly interesting as p53-mutant cells are considered to be 
more resistant to standard chemotherapeutics and radiation 
[13,36]. p53-independent induction of apoptosis by [6] -gingerol 
was reported previously in pancreatic cancer cell lines, where the 
expression of Cyclin-dependent kinase inhibitor, p21'^*', was 
increased independent of p53 expression leading to decrease in 
Cyclin A and Cyclin-dependent kinase expression and cell cycle 
arrest [36]. 

Even though [6] -gingerol is generally considered as non-toxic 
to normal cells, some of the recent studies reported otherwise. 
Genotoxic effects of [6] -gingerol at higher doses was demon- 
strated in human hepatoma G2 cells [38]. Another recent study 
reported that [6] -gingerol treatment leads to a significant dose- 
dependent inhibition of proliferation of the dermal papilla cells 



of human hair follicles and elongation of hair shaft [39] .They 
were successful in demonstrating apoptosis in dermal papilla 
cells at less than 50 micromolar [6] -gingerol. In light of these 
studies we studied the cytotoxic effects of [6] -gingerol on 
cultured mouse intestinal epithelial cells. As seen from our 
results, [6] -gingerol did not induce any significant cytotoxicity 
even at 500 micromolar. Lack of induction of apoptosis at these 
concentrations proved [6] -gingerol to be non-toxic to the 
normal cells of gastro-intestinal tract. Our results go in hand 
with a previous report where 900 micromolar [6] -gingerol 
produced only 50% growth inhibition in rat intestinal epithelial 
cells [36] .Thus [6] -gingerol might be showing differential effects 
on proliferation of normal cells from different origins, but 
certainly seems to be safe for use in treating gastro-intestinal 
disorders. 

Protein kinase C (PKC) are group of kinases known to regulate 
cell growth, differentiation and apoptosis mainly through their 
ability to phosphor^'late and activate their substrates, including the 
members of MAP kinase family [40,41]. Phorbol esters such as 
phorbol-12-myristate-13-acetate (PMA) are known tumor promot- 
ers by virtue of their role in activating PKC as substitutes to their 
physiological activators like diacylglycerol and phosphatidylserine 
[22,42]. MAP kinase pathways are involved in regulating 
proliferation, invasion and metastasis in colon cancer cells 
[43,44]. As presented in the results, PMA treatment in SW-480 
cells activated the members of MAP kinase family, like EIiKl/2, 
JNK and p38 MAPK, as evident from the transient increase in 
tluur phosphor)4ated forms in Western blotting. Remarkable 
suppression of this activation upon pre-treatment with [6] -gingerol 
was very evident in case of ERKl/2 and JNK MAP kinases, but 
less in the case of p38 MAPK. The results from Western blotting 
were further confirmed from the cell proliferation assay in 
presence of the inhibitors of MAP kinases. Reversal of PMA- 
induced proliferation of SW-480 cells in presence of U0126 and 
SP600125 provides evidence for the role of ERKl/2 and JNK in 
the cell proliferation. Also the lack of effect of p38 MAP kinase 
inhibitor, SB203580, rules out die role of p38 MAP kinase in die 
process. The combination treatment with [6] -gingerol and 
inhibitors of ERKl/2 or JNK shows that PMA-induced activation 
of each of these MAP kinase pathways are down-regulated 
independent to each other by [6] -gingerol and the additive effects 
of their down-regulation results in the inhibitory effects seen with 
[6]- gingerol. Although we have not performed the inhibition of 
both ERKl/2 and JNK pathways togother in SW-480 cells, we 
speculate that a double-inhibition would result in inhibition of 
PMA-induce cell proliferation typically like that with [6] -gingerol 
alone. Since no additional inhibitory effects of [6] -gingerol were 
seen in combination with the inhibitors of ERKl/2 or JNK, we 
believe that no other additional factors up-regulated by PMA in 
SW-480 cells are affected by [6] -gingerol. Stimulation of MEK- 
ERKl/2 pathway by growth factors and induction of both 
ERKl/2 and JNK pathways by oncogenic proteins like Src and 
Ras, leading to the activation of their downstream targets, like AP- 
1, have been found crucial in the development of colon cancer 
[45,46]. Inhibition of the constituents of MAP kinase pathway has 
long been recognized as ideal approach to arrest the progression of 
colon cancer [46]. There are reports on other natural compounds 
like epicatechin gallate, curcumin, sUibinin and red ginseng of 
inducing apoptosis in colon cancer cells via inhibition of MAP 
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kinases [15,47,48,49]. [6]-gmgerol was previously shown to inhibit 
the phosphorylation of ERKl/2, JNK and p38 MAP kinases in 
mouse skin cancer cell lines, hepatocarcinoma cells and pancreatic 
cancer cells [28,34,36,50]. But, to the best of our knowledge 
present study reports for the first time the inhibition of ERK 1 / 2 
and JNK MAP kinases as the mechanism of action of [6]-gingerol 
in reversing the PMA induced proliferation in colon cancer cells. 

There are increasing evidence which establish the role of 
transcription factors like NF-kappB and AP-1 in tumourigenesis, 
progression, invasion and metastasis of cancer of colon epithelium 
[46]. In colon cancer, NF-kappaB plays an anti-apoptosis role by 
many means like, by inhibiting the ROS pathways, by inhibiting 
JNK cascade and by inducing the expression of anti-apoptotic 
genes Bcl-2, Bcl-x and cIAPs [51,52]. NF-kappaB is also known to 
facilitate angiogenesis, invasion and metastasis in colon cancer 
tumor cells by up-regulating vascular endothelial growth factor 
(VEGF), cyclooxygenase 2 (COX-2), interleukine (IL)-6 and 
matrix metalloproteinases (MMPs) [52,53]. AP-1 group of 
transcription factors have a more direct role in tumorogensis of 
colon cancer. Enhanced activity of AP-1 has been demonstrated in 
human colon adenocarcinoma and the immune-histochemical 
analysis of majority of colon adenocarcinoma has revealed high- 
level expression of AP- 1 correlating with the high expression of its 
downstream targets like EGFR and COX-2 [46]. AP-1 also 
mediates the anti-apoptotic response to the hypoxic conditions 
encountered in the solid tumors which contributed to their 
resistance to chemotherapy and radiotherapy [54]. AP-1 is under 
the direct regulatory control of MAP kinases, which phosphor^'late 
the Jun and Fos components of AP- 1 protein and facilitate their 
target binding [46, 54]. The presence of high concentrations of bile 
acids also induces the AP-1 expression in colon cells via PKC and 
ERKl/2 signaling, resulting in tumor promotion [55] .Treatment 
with PMA activates both NF-kappaB and AP-1 transcription 
factors through Ras/Raf/ERKl/2, JNK and phosphoinositise-3- 
kinase/Akt signaling pathways [56,57]. In our study too PMA 
treatment up-regulated both NF-kappaB and AP-1 in SW-480 
cells, as evident from the increase in their transcrijjtional binding. 
Pre-treatment with [6]-gingerol drastically reduced the up- 
regulated AP-1, almost completely abolishing their transcriptional 
binding at 300 nM concentration. On the contrary [6]-gingerol 
had only a little effect on the transcriptional binding of NF- 
kappaB. Inhibition of NF-kappa B with SN5() did not have any 
significant effects on the PMA-induc:ed c:ell proliferation of SW- 
480, suggesting no direct role of the PMA-induced NF-kappaB in 
enhancing proliferation of SW-480 cells. This goes together with 
the fact that [6]- ginerol had litfle effect on PMA-induced NF- 
kappaB while bringing about cytotoxicit)^ in SW-480 cells. Similar 
effects were reported previously for inhibitory properties of caffeic 
acid 3, 4-dihydroxy-phenethyl ester (CADPE) on PMA-stimulated 
gastric carcinoma cells [57]. CADPE was reported to inhibit the 
phosphorylation of ERKl/2, with little effects on JNK and p38 
MAP kinases, inhibiting the transcriptional binding of AP-1, but 
with no effect on DNA binding of NF-kappaB. Even though we 
did not include any inhibitors of AP- 1 in studying the inhibition of 
PMA-induced cell proliferation of SW-480, taken together, our 
results suggests that AP-1 is down-regulated by [6]-gingerol via the 
inhibition of phosphorylation of ERKl/2 and JNK MAP kinase in 
SW80 cells. It is well known that ERKl/2 pathway is involved in 
ar ti\ ati()n of the c-Fos component and JNK pathway is involved in 
activation of both c-Jun and c-Fos components of AP-1 [54]. Also 
we have seen activation of caspase-3 with inhibition of ERKl/2, 
JNK MAP kinase and with [6]-gingerol while bringing about 
inhibition of PMA-induced proliferation of SW-480 cells. Thus, 



[6]-gingerol must be exerting its effect inhibiting the activation of 
Ras/Raf/ERKl/2/JNK/AP-l pathway activated by PMA in 
SW-480 cells. Compounds and small molecules inhibiting the 
MAP kinases, AP-1 dimerization or AP-1 transcriptional binding 
are considered ideal candidates for treatment of colon cancer [46]. 
Thus [6]-gingerol could be an ideal candidate to be developed as 
an anti-cancer agent against colon cancer. 

Previous works on effect of [6]-gingerol on colon cancer cells 
describe molecular mechanisms different from the present study. 
Lee et al., 2008 [13] revealed the inhibition of Cyclin Dl and the 
activation of NAG- 1 as mechanism behind cell cycle arrest and 
pro- apoptotic effect of [6]-gingerol. Another interesting study 
from Jeong et al, 2009 [14], demonstrated the inhibition of 
Leukotriene A4 hydrolase, the terminal enzyme in the Leukoter- 
iene B4 synthesis, as the site of action of [6] -gingerol in inhibiting 
the anchorage dependent growth of HCTl 16 colon cancer cells in 
culture and in xenograft model. Another recent study on 
inhibitory effect on [6] -gingerol on LoVo cells describes down- 
regulation of cell cycle regulators Cyclin A, Bl and CDKl along 
with the increase in the generation of intracellular reactive oxygen 
species (ROS) as the mechanism of action [15]. The present study 
identifies a totally different mechanism of action for [6] -gingerol in 
colon cancer cells. 

Down-regulation of AP-1 transcriptional binding by [6]- 
gingerol directly implies to its therapeutic potential against colon 
cancer, as AP- 1 is known to be the transcription factor responsible 
for transcription of effectors like COX-2, MMPs and VEGF, 
which are responsible for invasiveness, metastasis and angiogenesis 
in colon cancer tumors [46,54]. [6] -gingerol was previously shown 
to inhibit GOX-2 expression in skin cancer model [28,29], but till 
date their effects on GOX-2 in colon cancer has not been studied. 
In the present study, SW-480 being a COX-2 negative cell line 
[58] might have other down-stream effectors of AP-1, like MMP-9 
or VEGF, affected by [6] -gingerol. Down-regulation of MMP-9 
and MMP-2 by [6] -gingerol has been reported previously in 
hepatic cancer and breast cancer cell lines respectively 
[9,50]. Components of ginger were also shown to inhibit angio- 
genesis by inhibiting VEGF in ovarian cancer cells [29,59] .Even 
though the present study has not explored the effect of [6] -gingerol 
on down-stream targets of AP-1, it calls for attention in exploring 
its effects on these effectors molecules in colon cancer cells. 
Extending the results from present study into an in vivo study 
would further provide valuable insights on the bioavailability of 
[6] -gingerol and its mechanistic role in prevention of colon 
tumorogenesis. 

Supporting Information 

Certificate SI Sanction letter of Institutional Animal 
Ethical Committee. 

(DOCX) 

Acknowledgments 

We thank Dr. K. B. Harikumar For his valuable guidance in the isolation of 
normal mouse eoloii cells aiifl Dr. \ inod V, Dr. Vineshkumar TP and Dr. 
Vinod Balachandran for technical help. 

Author Contributions 

Conceived and designed the experiments: EVS RJA. Performed the 
experiments: REK SVB SSN LRX AKTT. Analyzed the data: E\'S RJA. 
Contributed reagents/materials/analysis tools: EVS RJA. Contributed to 
the writing of the manuscript: SSN RJA. 



PLOS ONE I www.plosone.org 



11 



August 2014 I Volume 9 | Issue 8 | e104401 



Anticancer and Chemopreventive Potential of [6]-Gingerol 



References 

1. Chan DS, Lau R, Aunc D, Vicira R, Greenwood DC, et al. (2011) Red and 
processed meat and colorectal cancer incidence: meta-analysis of prospective 
studies. PLoS One 6: e20456. 

2. MagaUiaes B, Peleteiro B, Lunet N (2012) Dietary patterns and colorectal 
cancer: systematic review and meta-analysis. Eur J Cancer Prev 21: 15-23. 

3. Mayer RJ (2009) Targeted therapy for advanced colorectal cancer-more is not 
always better. N Engl J Med 360: 623-625. 

4. Krcll J, StcbbingJ (2012) Ginger: the root of cancer therapy? Lancet Oncol 13: 
23:)-23r). 

5. Surh Y], Lcc E, Lcr JM (1998) Chcmoprotective properties of some pungent 
ingredients present in red pepper and ginger. Mutat Res 402: 259-267. 

6. Baliga MS, Haniadka R, Pereira MM, D'Souza JJ, PaUaty PL, et al. (2011) 
Update on the ehemopreventi\'c effects of ginger and its phytochemicals. Crit 
Rev Food Sei Nutr 51: 499-523. 

7. Shukla Y, Singh M (2007) Cancer preventive properties of ginger: a brief review. 
Food Chem Toxicol 45: 683-690. 

8. Chakraborty D, Bishayee K, Ghosh S, Biswas R, Mandal SK, et al. (2012) [6]- 
Gingerol induces caspase 3 dependent apoptosis and autophagy in cancer cells: 
drug-DNA interaction and expression of certain signal genes in HeLa cells. 
Eur J Pharmacol 694: 20-29. 

9. Lec HS, Seo EY, Kang NE, Kim WK {2008} [6J-(imgerol inhibits metastasis of 
MDA-MB-231 human breast cancer cells. J Nutr Biochcm 19: 313—319. 

10. ShuMa Y, Prasad S, Tripadii C, Singh M, George J, et al. (2007) In vitro and in 
vivo modulation of testosterone mediated alterations in apoptosis related 
proteins by [6J-gingerol. Mol Nutr Food Res 51: 1492-1502. 

11. Ju SA, Park SM, Lee YS, Bae JH, Yu R, et al. (2012) Administration of 6- 
gingerol greatly enhances the number of tumor-infiltrating lymphocytes in 
murine tumors. IntJ Cancer 130: 2618-2628. 

12. Park KK, Chun KS, Lee JM, Lee SS, Surh YJ (1998) Inhibitory effects of [6]- 
gingerol, a major pungent principle of ginger, on phorbol ester-induced 
inflammation, epidermal orniihinr decarboxylase activity and skin tumor 
promotion in ICR mice. Cancer Lett 129: 139-144. 

13. Lee SH, Cekanova M, Back SJ (2008) Multiple mechanisms are involved in 6- 
gingerol-induced cell growth arrest and apoptosis in human colorectal cancer 
cells. Mol Carcinog 47: 197-208. 

14. Jeong CH, Bode AM, PugHese A, Cho YY, Kim HG, et al. (2009) [6]-Gingerol 
suppresses colon cancer growth by targeting leukotriene A4 hydrolase. Cancer 
Res 69: 5584-5591. 

15. Lin CB, Lin CC, Tsay GJ (2012) 6-Gingerol Inhibits Growtii of Colon Cancer 
Cell LoVo via Induction of G2/M Arrest. Evid Based Complement Altemat 

Med 2012: 326096. 

16. Whitehead RH, Demmler K, Rockman SP, Watson NK (1999) Clonogenic 
growth of epithelial cells from normal colonic mucosa from both mice and 
humans. Gastroenterology 117: 858-865. 

17. Weigmann B, Tubbe I, Seidel D, Nicolaev A, Becker C, et al. (2007) Isolation 
and subsequent analysis of murine lamina propria mononuclear cells from 
colonic tissue. Nat Protoc 2: 2307-2311. 

18. Anto RJ, Mukhopadhyay A, Shishodia S, Gairola CG, Aggarwal BE (2002) 
Cigarette smoke condensate activates nuclear transcription factor-kappaB 
through phosphor\'lation and degradation of IkappaB (alpha): correlation with 
induction of cyclooxygenase-2. C uirrinogrnesis 23: 1511-1518. 

19. Bava SV, Sreckanth GN, Thulasidasan AK, Anto NP, Gheriyan VT, et al. 
(201 1) Akt is upstream and MAPKs are downstream of NF-kappaB in pacUtaxel- 
induced survival signaling events, which £U"e down-regulated by curcumin 
contributing to their synergism. IntJ Biochem Cell Biol 43: 331—341, 

20. Bava SV, Puliappadamba VT, Deepti A, Nair A, Karunagaran D, et al. (2005) 
Sensitization of taxol-indueed apoptosis by curcumin involves down-regulation 
of nuclear factor-kappaB and the serine /threonine kinase Akt and is 
independent of tubulin polymerization. J Biol (.^hem 280: 6301-6308. 

21. Puliyappadamba Vl\ Gheriyan VT, Thulasidasan AK. Ba\'a SV, Vinod BS, 
et al. (20 1 0) Nicotine-induced survival signaling in lung cancer cells is dependent 
on their p53 status while its down-regulation by curcumin is independent. Mol 
Cancer 9: 220. 

22. Rickard KL, Gibson PR, Young GP, PhiUips WA (1999) Activation of protein 
kinase C augments butyrate-induced differentiation and turnover in human 

colonic epithelial cells in \'itro. Carcinogenesis 20: 977-984. 

23. Kudinov Y, Wiseman CL. Kharazi Al (2003) Phorbol myristatr acetate and 
Bryostatin 1 rescue lEX-gamma indiieibilily of MHC class II molecules in 
LS1031 colorectal carcinoma cell line. C.^anrer (.^ell Int 3: 4. 

24. Yu R, Hebbar V, Kim DW, Mandlekar S, PezzutoJM, et al. (2001) Resveratrol 
inhibits phorbol ester and UV-indueed acti\alor protein 1 activation by 
interfering with mitogcn-activated protein kinase pathways. Mol Pharmacol 60: 
217-224. 

25. Mowla S, Pinnock R, Leaner VD, Coding CR, Prince S (201 1) PMA-induced 
up-regulation of TBX3 is mediated by AP-1 and contributes to breast CEUicer cell 
migration. Biochem J 433: 145-153. 

26. Lallena MJ, Diaz-Meco MT, Bren G, Paya CV, Moscat J (1999) Activation of 
IkappaB kinase beta by protein kinase C isoforms. Mol Cell Biol 19: 2180—2188. 

27. Park KA, Byun HS, Won M, Yang KJ, Shin S, et al. (2007) Sustained activation 
of protein kinase C downregulates nuclear factor-kappaB signaling by 



dissociation of IKK-gamma and Hsp90 complex in human colonic epithelial 
cells. Carcinogenesis 28: 71-80. 

28. Kim SO, Kundu JK, Shin YK, ParkJH, Cho MH, et al. (2005) [6J-Gingerol 
inhibits CJOX-2 expression by blocking the activation of p38 MAP kinase and 
NF-kappaB in phorbol ester-stimulated mouse skin. Oncogene 24: 2558-2567. 

29. Kim EC, Min JK, Kim TY, Lee SJ, Yang HO, et al. (2005) [6]-Gingerol, a 
pungent ingredient of ginger, inhibits angiogenesis in vitro and in vivo. Biochem 
Biophys Res Commun 335: 300-308. 

30. Yu Y, Zick S, Li X, Zou P, Wright B, et al. (2011) Examination of die 
pharmacokinetics of active ingredients of ginger in humans. AAPSJ 13: 417— 
426. 

31. Zick SM, Djuric Z, Ruffin MT, Litzinger AJ, NormoUc DP, et al. (2008) 
Pharmacokinetics of 6-gingerol, 8-gingerol, 10-gingerol, and 6-shogaol and 
conjugate metabolites in healthy human subjects. Cancer Epidemiol Biomarkers 
Prev 17: 1930-1936. 

32. Jiang SZ, Wang NS, Mi SQ (2008) Plasma pharmacokinetics and tissue 
distribution of [6]-gingerol in rats. Biopharm Drug Dispos 29: 529—537. 

33. Brown AC, Shah C, LiuJ, PhamJT, ZhangJG, et al. (2009) Ginger's (Zingiber 
officinale Roscoe) inhibition of rat colonic adenocarcinoma cells proliferation 
and angiogenesis in vitro. Phytothcr Res 23: 640—645. 

34. Bode AM, Ma WY, Surh YJ, Dong Z (2001) Inhibition of epidermal growtii 
factor-induced cell transformation and activator protein 1 activation by [6]- 
gingerol. Cancer Res 61: 850—853. 

35. Lee E, Surh YJ (1998) Induction of apoptosis in HL-60 cells by pungent 
vanilloids, [6]-gingerol and [6]-paradol. Cancer Lett 134: 163-168. 

36. Park YJ, Wen J, Bang S, Park SW, Song SY (2006) [6]-Gingerol induces ceU 
cycle arrest and cell death of mutant p53-expressing pancreatic cancer cells. 
Yonsei Med J 47: 688-697. 

37. Anto ly, Mukhopadhyay A, Denning K, Aggarwal BB (2002) (-urcumin 
(diferuloylme thane) induces apoptosis through activation of caspase-8, BID 
cleavage and cytochrome c release: its suppression by ectopic expression of Bcl-2 
and Bcl-xl. Carcinogenesis 23: 143—150. 

38. Yang G, Zhong L, Jiang L, Geng C, Cao J, et al. (2010) Genotoxic effect of 6- 
gingerol on human hepatoma G2 cells. Chem Biol Interact 185: 12-17. 

39. Miao Y, Sun Y, Wang W, Du B, Xiao SE, et al. (2013) 6-Gingerol inhibits hair 
shaft growth in cultured human hair follicles and modulates hair growth in mice. 
PLoS One 8: e57226. 

40. Azzi A, Boscoboinik D, Hensey C (1992) The protein kinase C family. 
Eur J Biochem 208: 547-557. 

41. Nishizuka Y (1992) Intracellular signaling by hydrolysis of phospholipids and 
activation of protein kinase C. Science 258: 607-614. 

42. Meyer E, VollmcrJY, Bovcy R, Stamenkovic I (2005) Alairix nielalloproteinEises 
9 and 10 inhibit protein kinase C -potentiated, p53-mcdiated apoptosis. Cancer 
Res 65: 4261-4272. 

43. Masur K, Lang K, Niggemann B, Zanker KS, Entschladen F (2001) High PKC 
alpha and low E-cadherin expression contribute to high migratory activity of 
colon carcinoma cells. Mol Biol Cell 12: 1973-1982. 

44. Heider I, Schulze B, Oswald E, Henklcin P, Scheele J, et al. (2004) PARl-type 
thrombin receptor stimulates migration and matrix adhesion of human colon 
carcinoma cells by a PKCepsilon-dependcnt mechanism. Oncol Res 14: 475— 
482. 

45. Ashida R, Tominaga K, Sasaki E, Watanabe T, Fujiwara Y, et al. (2005) AP-1 
and colorectal cancer. Inflammopharmacology 13: 113—125. 

46. Vaiopoulos AG, Papachroni KK, Papavassiliou AG (2010) Colon carcinogen- 
esis: Learning from NF-kappaB and AP-1. IntJ Biochem Cell Biol 42: 1061- 
1065. 

47. Cordero-Hcrrera I, Martin MA, Bravo L, Goya L, Ramos S (2013) Epicatechin 
gallate induces cell death via p53 activation and stimulation of p38 andJNK in 
human colon cancer SW480 cells. Nutr Cancer 65: 718-728. 

48. (.^oUctt ()P, Campbell EC (2004) Curcumin induces c-jun N-tcrminal kinase- 
dependent apoptosis in HCT116 human colon cancer cells. Carcinogenesis 25: 
2183-2189. 

49. Seo EY, Kim WK (201 1) Red ginseng extract reduced metastasis of colon cancer 
cells in vitro and in vivo. J Ginseng Res 35: 315-324. 

50. Weng CJ, Chou CP, Ho CT, Yen GC (2012) Molecular mechanism inhibiting 

human hepatocarcinoma cell im'asion by 6-shogaol and 6-gingerol. Mol Nutr 
Food Res 56: 1304-1314. 

51. Bubici C, Papa S, Pham CCi, /a//eroni ¥. IVanzoso (.i (2006) The NE-kappaB- 
mcdiatrd control of ROS and jNK signaling, llislol Histopathol 21: 69-80. 

52. Chen E, C^astranova V (2007) Nuclear factor-kappaB, an unappreciated tumor 
suppressor, (.dancer Res 67: 1 1093 -! 1098. 

53. Basseres DS, Baldwin AS (2006) Nuclear factor-kappaB and inhibitor of kappaB 
kinase pathways in oncogenic initiation and progression. Oncogene 25: 6817— 
6830. 

54. Shaulian E, Karin M (2002) AP-1 as a regulator of cell life and death. Nat Cell 
Biol 4: E131-136. 

55. Debruyne PR, Bruyneel EA, Li X, Zimber A, Gespach C, et al. (2001) The role 
of bUe acids in carcinogenesis. Mutat Res 480^81: 359—369. 

56. Cho HJ, Kang JH, Kwak JY, Lee TS, Lee IS, et al. (2007) Ascofuranone 
suppresses PMA-mediated matrix metalloproteinase-9 gene activation through 



PLOS ONE I www.plosone.org 



12 



August 2014 I Volume 9 | Issue 8 | e104401 



Anticancer and Chemopreventive Potential of [6]-Gingerol 



the Ras/Raf/MEK/ERK- and Apl-dependent mechanisms. Carcinogenesis 28; 
1104-1110. 

57. Han H, Du B, Pan X, Liu J, Zhao Q, et al. (2010) CADPE inhibits PMA- 
stimulated gastric carcinoma cell invasion and matrix metalloproteinase-9 
expression by FAK/MEK/ERK-mediated AP-1 activation. Mol Cancer Res 8: 
1477-1488. 



58. Shao J, Shrng H, Inouc H, Morrow JD, DuBois RN (2000) Regulation of 
constitutive cyclooxygcnasc-2 expression in colon carcinoma cells. J Biol Chem 
275: 33951-33956. 

59. Rhode J, Fogoros S, Zick S, Wahl H, Griffith KA, et al. (2007) Ginger inhibits 
cell growth and modulates angiogenic factors in ovarian cancer cells. BMC 
Complement Altem Med 7: 44. 



PLOS ONE I www.plosone.org 



13 



August 2014 I Volume 9 | Issue 8 | e104401 



